A straightforward methodology for modelling the cohesive zone (CZM) of an adhesively bonded joint is developed, by using a commercial finite element code and experimental outcomes from standard fracture tests, without defining a damage law explicitly. The in-house developed algorithm implements a linear interpolated cohesive relationship, obtained from literature data, and calculates the damage at each step increment. The algorithm is applicable both to dominant mode I or dominant mode II debonding simulations. The hypothesis of unloading stages occurrence is also considered employing an irreversible behaviour with elastic damaged reloading. A case study for validation is presented, implementing the algorithm in the commercial finite element method (FEM) software Abaqus®. Numerical simulation of dominant mode I fracture loading provides with satisfactory results. 
INTRODUCTION
owadays, structural bonding is widely used as joining technique in many engineering fields. Safety requirements are often to be satisfied, as for example in civil applications where FRP laminates are anchored to beams for strengthening purposes and seismic retrofitting [1] ; in superconducting systems where insulating composite wraps are bonded to superconducting cables subjected to Lorentz forces [2] ; in aeronautical and automotive structures for repairing process [3] . There are numerous advantages with respect to traditional mechanical fastening methods: homogeneous distribution of stresses throughout the union, reduction of the joint weight, sealing function and protection against corrosion, excellent fatigue strength, free design of the joint, and so on. However, the application of this technique to high-technology industry requires the satisfaction of a large number of requirements especially about the adhesive joining durability and reliability. Thus, a proper description of mechanical behaviour, and the prediction of fracture propagation at the interface is necessary in order to realize a correct design phase of adhesively bonded structures. Continuum damage mechanics (CDM) offers suitable tools for facing this issue, in coupling with the FE methodology. Using such approach the proper definition of a representative volume element (RVE) is crucial because its dimension relates the relevant scales in which the fracture process and the softening behaviour take place. A careful choice of the N RVE dimension makes this approach versatile enough to deal with a plenty of practical problems, among which, as examples, we can cite the homogenization of an RVE as a step for multiscale modelling [4] ; the damage and failure modelling of inhomogeneous micro-structured materials under quasi static load [5] ; the damage evolution and failure modelling of homogeneous materials under creep conditions [6] . The cohesive zone modelling (CZM) approach can be considered as a special case of the CDM methodology in which the softening behaviour is confined to an interface domain and the RVE dimension is implicitly taken into account by the material law. Among the methodologies for studying decohesion processes, the CZM approach is relevant in many engineering applications, from the simple debonding of a cantilever beam [7] , to the three-dimensional delamination modelling in a cracked FML full scale aeronautic panel [8] . This method is based on the definition of a cohesive zone law, i.e. the traction-separation relationship at the bonded surface of the joint. For basic modes of debonding, the CZM can be estimated with experimental data from suitable test campaigns. Once defined, both in a direct or indirect way, it can be implemented in a Finite Element code for simulating the debonding phase. Many cohesive traction-separation laws are reported in literature by using experimental, theoretical, and computational techniques. Among them, a large number concerns the response in normal (mode I) and shearing (mode II and III) direction with respect to the interface and under mixed mode I-II loading condition, whilst pure mode III or mixed mode II-III are less investigated. In order to evaluate experimentally the constitutive, peel, properties of adhesive and adherends, both metallic and composite, several standard test methods use the double cantilever beam (DCB) specimen under mode I fracture loading. Olsson et al. [9] developed an analytical solution for the determination of the constitutive properties of thin interphase layers, which provides with reliable results for non rigid adherends. Sorensen et al. [10] presented a traction-separation relation, based on the J-integral approach, for DCB. Valoroso et al. [11] proposed a deterministic identification of mode I cohesive parameters for bonded interfaces that overcomes the difficulties and limitations of ISO 25217 standard test. Stigh et al. [12] proposed an alternative experimental method to determine the complete cohesive relation of a thin adhesive layer loaded in peel with the same DCB specimen. Shen et al. [13] , instead, implemented digital image correlation (DIC) technique to measure displacements at the crack tip in order to evaluate fracture parameters and determine cohesive relationships. Fernandes et al. [14] analysed mode II cohesive relationship of carbon-epoxy composite bonded joints using DIC and the direct method applied to the end notched flexure (ENF) test. Mode II and mixed mode I-II testing were also analysed in [15, 16] . A mode III traditional test methodology was presented in [17] . Cricrì et al. [18] presented a methodology, based on an innovative test device, for studying bonded elements subjected to pure mode III loading condition. The present work describes a straightforward strategy for modelling the structural bonding interface of a joint using a commercial FEM code, assuming that the loading modes are uncoupled. Such an approach is implemented in an algorithm and a validation study case is presented by using the software Abaqus.
THEORETICAL BACKGROUND
n a 2D problem, the traction vector T, whose components  and , respectively acting on the interface along normal n and tangential s direction, can be expressed in matrix form as:
where Knn, and Kss are stiffness terms, while n and s are normal and tangential separations, respectively. In particular, separations are numerically equal to the jump displacements of the cohesive elements. The initial (undamaged state) stiffness components of K nn and K ss are respectively equal to the ratio between Young's modulus and adhesive thickness and the ratio between shear modulus and adhesive thickness whereas Ksn = Kns = 0. In general, during the phase of interface opening, the stiffness parameters vary, decreasing their values with damage increasing. Therefore, the damage law defines the stiffness terms. When  and are considered uncoupled, the mixed elastic terms in Eq. (1), Kns and Ksn, are set to null values. Many effective traction-separation laws valid for pure loading modes or uncoupled cohesive behaviours are available in literature. Among these, one of the simplest, sometimes also available in commercial FEM codes, is the bilinear (linear softening) relationship. Three points of the traction-separation curve define this model (origin, maximum and final points) whilst the area under the curve represents the critical fracture energy G c ( Fig. 1 ). In the first section of the curve, two I hypothesis are assumed: there is no damage at the material interface (adhesive) and displacements and strains are elastic.
In the second section, instead, the adhesive undergoes progressive damage up to the reaching of a limit value, corresponding to the occurrence of the maximum allowable deformation. In this section, the stress, normal respect to the displacement direction, decreases. Beyond this limit value, the stress has null values. The vertex, corresponding to the ending point of linear elastic section, represents the starting point of damage process. The damage function, which relates the separation within the cohesive elements to the corresponding tractions, is initially set to zero and reaches its maximum value, equal to one, in correspondence of the maximum displacement at the interface, i.e. the point of maximum damage. The cohesive law for mode I (or mode II) fracture process is defined by only three parameters: 1) the initial stiffness K 0 , which physically is the slope of the elastic section;
2) the traction 0 at the interface or the separation c within the cohesive elements, in correspondence of which the damage process starts;
3) the critical energy release rate Gc or the displacement at the failure m.
The mathematical formulation of bilinear cohesive law is the following:
Tvergaard et al. [19] proposed a tri-linear relationship, more accurate for ductile adhesives. As previously, the first section grows linearly reaching the damage initiation process in correspondence of a critical separation  c1 . The traction remains constantly equal to its maximum value in the range [c1, c2] and then decreases after the critical separation c2. The shape of trapezoidal function is shown in Fig. 2 , while it is mathematically expressed as follows: Another often used traction-separation model is the exponential relationship (Fig. 3) , proposed by Needleman et al. [20] . This model consists of a continuous and smooth exponentially decaying function, having the following formulation:
In the exponential model, the damage process begins with the displacement n 0   , whereas in the previously described laws the damage initiation starts after the reaching of a critical separation value or of the corresponding maximum stress occurrence. For all the above models, a damage variable D is also defined, depending on the maximum separation currently achieved, max. Such variable can be conveniently expressed in terms of current versus initial stiffness, as:
PROPOSED METHODOLOGY
n this work, a new approach in the damage FE implementation of interfaces is proposed. First, it is not explicitly defined a damage law. Indeed, this relation is calculated at each step by using the experimental cohesive relationship, which is generated by interpolating some inputted points. These points are sampled from a traction-separationcurve, obtained from previous (mode I or II) decohesion tests, and are inserted in an array named PARX. The damage D is evaluated at each step increment and is updated from the beginning of the loading process (when the decohesion displacement is yet null). The present tool allows to define damage variables that are independent for each fracture mode (i.e. anisotropic damage formulation). For the sake of simplicity, we hereby describe only the analytical formulation of mode I cohesive law because the mode II cohesive relationship can be similarly defined. Thus, the components of the traction vector T of dominant mode I loading conditions are expressed by the following equations:
where D is the damage function and the initial stiffness K n0 and K s0 are the slope of the first segment of mode I and mode II cohesive curve, respectively.
The structure of the algorithm requires the displacement jump u and its relative increments du as data input, whilst provides as output with ,  and its derivative respect to the displacement jump components. For each integration step, the value of displacement jump across the interface  n is compared with the state variable  max , which is associated with the current damage (5), reported here:
where t is the variable time.
When separation is greater than previous  max , i.e. the point ( curr ,  curr ) is located on the effective limit curve Fig. 4) , the damage D is increasing according to the relationship
Being curr  equal to the updated max  , the current stiffness is
whilst the initial stiffness
Then, the stress field is recalculated according to Eqs. (6)- (7). The stress increment processed in FE iterations is equal to
A null derivative of damage with respect to separation n implies that damage is considered constant and equal to the last estimated value when opening displacement at the interface is decreasing orn < max. For this reason, if the current value of normal separation is less than previous  max , the corresponding point ( curr ,  curr ) is located inside the area under the effective limit curve and the damage D is considered unchanged (Fig. 5) . The stress field is calculated using Eqs. (6)- (7). Calculation of stress state: Although the stress field calculated using (6)- (7) is considered as obtained from a mode I fracture loading condition, i.e. the separation normal to the interface dominates the slip tangent to the interface, the developed algorithm can also evaluate the tangential stress (mode II) by means of a shear stiffness, function of D. Therefore, the stress field for a dominant mode II condition is obtained from the following equations:
where
The tangential slip distance is a numerical input from each FE iteration. When the dominant mode II loading condition is analysed, an experimental cohesive law shear-separation  s is to be used whilst the methodology follows the same scheme.
CASE STUDY
he proposed CZ model is implemented into the Abaqus FEM code through the user subroutine UINTER. A validation of the algorithm is presented simulating a case study, whose 2D geometry consists of a T-beam bonded to a clamped edge plate. The adopted case study is representative of all the main aspects and critical issues involved in debonding phenomenon of adhesive layer. Four different boundary conditions on displacements (see Fig. 7 ) are sequentially imposed to the web edge of the T-beam:
1) Opposing displacements to apply a clockwise moment; 2) Opposing displacements to apply an anticlockwise moment; 3) Null displacement (unloading step); 4) Tensile displacement. The bonded joint is modelled with about 3000 CPS4 elements (Fig. 8) . The adhesive interface is modelled using cohesive elements with zero thickness; the considered CZM initial stiffness values are listed in Tab. 2. The experimental points used for the built up of the piecewise linear cohesive law, as explained in the methodology paragraph, are taken from the mode I decohesion test outcomes in [21] .
RESULTS AND DISCUSSION
he plots of deformed bonded joint at different steps are shown in Fig. 9 . The debonding phenomenon occurs since the application of first loading condition. The relationship between traction and separation of representative points at the interface is depicted in Fig. 10 . It is possible to highlight a cohesive behaviour, which includes the phases of damage propagation complete debonding, and constant damage. In particular, in the representative point P1, a complete debonding is reaching during step 1 ( Fig. 9-a) , when a clockwise moment is applied, strictly following the cohesive behaviour as expressed by the experimental law. The normal separation, after the debonding, reaches the value of about 0.06 mm maintaining the stress equal to zero. Subsequently, when an anticlockwise moment is applied to the specimen, the trend of normal displacement highlights the interface closure of the upper part of flange ( Fig. 9-b) and the cohesive stress increases in compression, following the slope of Kn0, up to the value of about 19 MPa. During the step 3, there is the unloading phase of the entire specimen and stress and separation return to zero. Finally, when a tensile displacement is applied to the bonded joint for highlighting the interface opening (Fig. 9-c) , the corresponding cohesive traction remains equal to zero nevertheless the separation increases up to the value of about 0.045 mm. Moreover, the hypothesis of case study under dominant mode I load condition is confirmed comparing the components of the traction vector. Indeed, as verifiable in Fig. 10 , the value of tangential traction is negligible during the entire load spectrum with respect to the traction normal to the interface. The damage evolution is evaluated from the beginning of the loading process, trying to better simulate the real process of decohesion. Although the tabular definition of damage as function of displacement is available in Abaqus, there is no possibility to use uncoupled damage functions, which refer to different fracture modes. With the proposed tool, instead, it is possible to define a specific damage function for each fracture mode. Finally, good convergence properties of the algorithm have been shown during FEM simulations, allowing the authors to consider the described methodology to be efficient and robust.
CONCLUSIONS
he cohesive zone modelling of an adhesively bonded joint is analyzed by using an innovative straightforward methodology implemented into a commercial finite element code. Experimental results from standard fracture tests, in terms of traction-separation law, are used as an input for the algorithm but no damage law has to be explicitly defined. In such a way, the in-house developed algorithm calculates the damage at each step increment, from the beginning of loading process, when decohesion opening displacement is yet null, up to the complete debonding of the joint. A case study for validation is presented by using the software Abaqus. The cohesive behaviour in the interface elements of bonded joint is shown over all different loading conditions (damage propagation, constant damage and complete debonding), providing with satisfactory results.
